This study analyses the phenomenon of constitutional supercooling, which is one of the major problems in industrial growth of heavily doped (> 10 20 atoms/cm 3 ) silicon crystals by the Czochralski technique. The systematic study is based on theoretical models and experimental data considering the eect of three important dopants (B, P, and As) in dependence of the relevant growth parameters for the Czochralski process. Based on these results, conclusions will be drawn for the stability limits of the Czochralski growth of dislocation-free heavily doped silicon crystals in dependence of the doping species and their concentration.
Introduction
An important application of silicon crystals is their use for power electronic devices. Certain vertically structured power electronic devices need silicon wafers with an electrical resistivity in the lower limit of 15 mΩ cm. This relatively low resistivity is required in order to minimize the switching losses and thus to increase the eciency of the electronic devices [1] . According to Fig. 1 an elec- jochen.friedrich@iisb.fraunhofer.de
Czochralski (CZ) technique because these high doping levels cannot be achieved by the oating zone method.
Heavy doping of silicon in CZ is commonly realized by adding boron, phosphorus, or arsenic to the silicon melt by special sophisticated techniques, e.g. [35] which are diering considerably from the doping techniques used for standard or shallow doping levels in CZ growth of silicon. The typical resistivity ranges which are feasible today are 0.520 mΩ cm for boron, 12 mΩ cm for phosphorus, and 210 mΩ cm for arsenic [6] .
It is well known in the literature that the probability of the occurrence of dislocations and grain boundaries (called structure loss by CZ growers) is strongly increased in CZ growth by high doping concentrations [615] . One major origin for the increased occurrence of structure loss is considered to be a morphological instability of the solidliquid interface [16] . This phenomenon which is illustrated by the example in Fig. 2 can be caused by the so-called constitutional supercooling. It originates from the strong enrichment of the dopant concentration in front of the solidliquid interface (due to segregation) and the resulting reduction of the liquidus temperature by several degrees (shown quantitatively below).
The goal of this paper is to present a systematic study of the phenomenon of constitutional supercooling, i.e. morphological instability of the interface in CZ growth of heavily doped silicon. The study will be based on theoretical models and experimental data considering various material properties of the dierent doping elements and pulling parameters. Based on the results, conclusions will be drawn for stability limits for the CZ growth of dislocation-free heavily doped silicon crystals in dependence of the doping species and their concentration.
2. Constitutional supercooling
Phenomenological description
The segregation coecient k is dened by the ratio of the concentration of the solute in the crystal C S to its concentration in the melt C L (see Fig. 3 ): 19 at./cm −3 ) grown in a laboratory setup by the oating zone method [17] .
For all relevant dopants of Si (e.g. B, P, and As) k is smaller than unity (k < 1). This means that the dopant concentration C S which is incorporated into the crystal is smaller compared to the concentration C L in the melt.
In this case the solute is rejected from the growing interface and an enrichment of the solute in the melt will take place during crystal growth as shown by the pile up of the solute concentration C L (x) in Fig. 4a . A so--called solute boundary layer is formed with a thickness δ according to the phase diagram (Fig. 3 ). This locally depending solute concentration C L (x) results in a locally depending liquidus temperature T e (x) which is plotted in Fig. 4b versus the distance x from the interface in the same scaling of x as the plot C L (x) above (Fig. 4a) . Additionally two possible temperature proles T (x) and T (x) are shown in Fig. 4b which may be given by two dierent designs of the hot zone or the heating conditions in a certain CZ growth setup. Constitutional Supercooling in Czochralski Growth ...
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These conditions will be discussed in the following sections in detail for the CZ growth of silicon heavily doped with B, P, and As.
Mathematical models for a constitutional stability limit
The theoretical description of constitutional supercooling goes back to the pioneering works of Tiller et al. [19] for purely diusive species transport in the melt and of
Hurle [20] for convective mixing in the melt. According to their theory the ratio of the actual temperature gradient in the melt G L to the growth velocity V must exceed a critical value which is a function of the segregation coecient k, the slope m of the liquidus temperature T e (x), the solute concentration C L in the melt and the diusion coecient D of the solute in the melt. 
The temperature gradient G L in the melt in front of the interface can be related to the temperature gradient G S in the crystal at the interface by the conservation law of the heat uxes at the interface 
T m is the melting point temperature of the pure material (here Si), R the gas constant and L the heat of crystallization. According to Hurle [20] this estimation of the slope m by Eq. (2) has proven to be accurate enough for all dopants in the case of a rough, non-facetted interface,
i.e. all crystal orientations except the 111 .
By introducing Eqs. (1) and (3) into Eq. (2) a stability criterion can be dened which relates the ratio of the axial temperature gradient in the solid G S and the growth rate V to the doping level in the melt C L . For simplicity it is assumed that V is equal to the pulling speed in Cz crystal growth, although the actual growth rate can be slightly higher than the pulling speed. The material properties of silicon and the physical properties of the dopants are compiled in Table I and   Table II 
/s) and 79 K/cm for arsenic (k As = 0.3; D As = 2.7 × 10 −4 cm −2 /s). Thereby, it must be taken into account that the values of the diffusion coecients D reported for the various doping elements in literature can vary strongly depending of the doping element [6, 22] , for example in case of phosphorus between 2.05.1×10 Table II 
In a simple approximation the eective segregation coecient k eff can be estimated according to Burton et al. [24] :
.
δ is a free parameter which can be estimated by a boundary layer thickness (compare 
Assuming a typical value of the crystal rotation ω = 10 rpm and a pulling speed V = 1 mm/min the critical temperature gradient in the crystal G S calculated according to Eq. (9) 3. Phenomena and parameters aecting constitutional supercooling during CZ growth of heavily doped silicon crystals 3.1. Enrichment of dopants in the melt due to segregation During pulling of the crystal the solute (dopant) will be rejected into the melt as all relevant dopants have k < 1. Therefore, an increase of the solute concentration in the melt will take place with increasing process time. Assuming that the system is conservative, i.e. no solute is lost or added during growth and assuming total mixing by convection, the solute concentration in the crystal respectively in the melt can typically be described by Scheil's equation [26] in dependence of the solidied fraction g:
We assume that at the beginning of the growth of Thereby, it must be stated that for boron these theoretical changes of either the temperature gradient or the pulling speed due to the segregation eect are negligible within the limits of error. Furthermore, the theoretically determined changes for P and As do not correspond to the real situation of CZ growth, because both solutes (P and As) are evaporating quantitatively from the silicon melt during growth. The evaporation rate depends on the argon pressure inside the puller [27] . Therefore, the evaporation of the volatile P and As can compensate the above segregation eect. This phenomenon can be used to control the homogeneity of the doping distribution by properly adjusting the argon pressure, respectively, the argon ow along the free melt surface during CZ pulling [28] . This eect of evaporation can be taken into account in the Scheil equation (Eq. (10)) by an additional parameter k ev [27] :
Several models to estimate k ev can be found in literature 
Pulling rate and variations thereof
During a typical Czochralski growth run of silicon the pull rate V diers signicantly during the dierent process steps. This is illustrated by Fig. 6 where the pulling rate V and the crystal diameter are displayed during a typical CZ growth run of a silicon crystal with a diameter of 100 mm of the cylindrical body [34] . At the beginning the pull rate V is increased up to several mm/min during the necking procedure called after Dash [35] . Then, V is reduced to enlarge the crystal diameter during growth of the starting cone. During shoulder growth, i.e. the transition from the starting cone to the cylindrical crystal body, V is increased again to counteract an uncontrolled increase of the crystal diameter. In the present case the pull rate jumps from 0.5 mm/min during growth of the middle part of the shoulder to around 1.7 mm/min at the end of the shoulder. During growth of the cylindrical crystal body V is on average around 1.2 mm/min and its variations are relatively small, nevertheless with V as parameter for controlling and achieving a CZ crystal with a constant diameter. The crystal diameter is decreased at the end (end cone) by a slight increase of the pull rate compared to the value during body growth, before the crystal is nally detached from the melt.
As the critical temperature gradient G S in the crystal is nearly proportional to the pull rate V (according to Eq. (9)), G S must be expected to vary also signicantly during the dierent process phases of a typical CZ growth run as shown in Fig. 6 . This is illustrated by Fig. 7 where the relationship between the pulling rate V and the critical temperature gradient G S in the crystal is plotted for B, P, and As. The curves were computed by Eq. (9) for an initial doping concentration of 1 × 10 20 cm −3 in the melt.
If one assumes a pull speed V of the cylindrical body of around 1 mm/min, then the required critical temperature gradient G S in the crystal is at least 100% higher during the Dash necking (V neck > 2 mm/min) than during growth of the crystal body. The growth of the starting cone and the transition from the starting cone to the cylindrical body seem to be also very critical with re-spect to constitutional supercooling. The high values of the pull rate V which are used during this process phase are corresponding to large values of the critical temperature gradient G S , which should be at least 70% higher than for the growth of the body in the given case. Finally, it can be assumed that the pulling of the end cone is critical, too. The solute has enriched in the remaining shallow (poorly mixed) melt and the pulling speed is increased to decrease the crystal diameter. However, no quantitative data neither for the pulling speed nor for the actual temperature gradient in the crystal are available for the region of the end cone. Therefore, the growth of the end cone cannot be considered in the further discussion.
Discussion
In this chapter an attempt is undertaken to discuss the limitations of CZ growth of heavily doped silicon crystals with respect to constitutional supercooling under industry-like conditions. The problem of such a consideration is the fact that temperature distribution in a CZ puller and therefore in the crystal is depending strongly on the actual hot-zone design and process parameters which are usually condential in industrial production. Table III ). The actual temperature gradients G which are given in column 3 were estimated from published experimental and simulation data as follows.
The temperature gradient G in the crystal during the seeding and necking phase is in the order of 50100 K/cm according to direct measurements performed in a CZ puller for growing silicon crystals with 300 mm diameter [42] and according to experiments [36, 40] at pulling rates V of around 1 mm/min [39, 40, 43] . The temperature gradient can also vary along the length of the cylindrical body as reported e.g. in [40] . For the transition from the starting cone to the cylindrical body it is concluded from very few experimental data [39, 40] that G is about 1050% higher than in the subsequent cylindrical body phase. More precise data could only be obtained by fully time-dependent simulations which are still very challenging [23] .
In the criterion of constitutional supercooling (according to Fig. 4b and Eq. (3)) the actual temperature gradient G has to be taken in a crystal position very close to the growth interface. Measured temperature gradients represent usually values which are either averaged over the whole crystal length or which are determined at a certain distance away from the solidliquid interface.
However, it is known from numerical simulations that the temperature gradient can be e.g. 20% to 30% higher directly at the interface than at a distance of a few centimeters away from the phase boundary [38, 43] . This means that the actual G values are most likely higher than the G values given in Table III .
In any case it follows clearly from a comparison of columns 3 and 46 in Table III that Table III ).
An increase of the crystal diameter (e.g. from 100 mm to 200 mm) would intensify the problem because it has to be considered that for a given hot-zone typically the temperature gradient G decreases with increasing crystal diameter [44] . Furthermore, it has to be considered that the axial temperature gradient G varies along the radial position. It is typically higher at the periphery of the crystal compared to the center [43] . This means Constitutional Supercooling in Czochralski Growth ... 225 that a breakdown of the interface caused by constitutional supercooling will preferentially begin in the core of the crystal rather than at its periphery. This prediction is conrmed by several experimental results [3, 715] .
From the arguments above, it can be easily understood that the growth of silicon crystals heavily doped with P or As with 300 mm diameter would be extremely dicult.
Although the pulling speed V is typically only 0.50.6 mm/min for shallow doped crystals with 300 mm diameter during the growth of the cylindrical body [45, 46] , the temperature gradients G reported in literature are also only in the order of 3040 K/cm during body growth [45] . This means that the growth of silicon crystals with 300 mm diameter would take place again very close to the criterion of constitutional supercooling for P and As (see Fig. 7 ). In addition, it has to be considered that the larger mass of the melt (> 250 kg typically used for 300 mm diameter instead of 30 kg for 100 mm [46] ) would require the handling of ten times more mass of the hazardous phosphorus and arsenic. This is extremely challenging from a safety and security point of view. For silicon heavily doped with B the growth of crystals with 300 mm diameter might become more feasible from both, the occurrence of constitutional supercooling and the doping issues independently of economic considerations.
Conclusions and recommendations
It has been shown in the previous sections that it is very challenging to grow silicon crystals by the CZ technique with high doping levels (> 10 20 atoms/cm 3 ) of B, P, and As without running into the problem of constitutional supercooling followed by the loss of structure.
From the theoretical background one can conclude that the following measures should be considered to avoid constitutional supercooling:
• optimization of the hot-zone of the puller e.g. by introducing additional heat shields in order to establish a higher temperature gradient G;
• decrease of the pulling speed V in order to decrease the pile up of doping atoms in the melt in front of the growth interface;
• increased convective melt transport in order to decrease the pile up of doping atoms in the melt in front of the growth interface.
On the other hand, for economic reasons it is not desirable to decrease the pulling rate V . Moreover, an increase of the temperature gradient G would result in an increase of the thermal stress in the crystal [44] . This could lead to the formation of crystal defects, like dislocations and nally structure loss even without violating the criterion for constitutional supercooling.
It is also discussed in literature that the structure loss during CZ growth of heavily doped silicon crystals may depend on the concentrations of oxygen and intrinsic point defects, e.g. [6, 12, 15] . Therefore, it will remain dicult to prove in a certain case whether constitutional supercooling is responsible for a structure loss or whether other phenomena were limiting the dislocation-free growth of heavily doped silicon crystals by the Czochralski technique.
